The authors studied the influence of ␣, ␤, and dopaminergic catecholamines on blood volume expansion in conscious normovolemic sheep before, during, and after a bolus infusion of a crystalloid.
FLUID infusions to augment blood volume (BV) are a mainstay of anesthesia practice. Fluid therapy is used for immediate correction of hypovolemia in emergency departments or for support of blood pressure and cardiac output (CO) in operating rooms and intensive care units. The primary goal of fluid therapy is volume expansion and restoration and maintenance of adequate tissue perfusion and delivery of oxygen. Infusion of crystalloid solutions, most commonly lactated Ringer's solution or 0.9% "normal" saline (0.9% NaCl), are often the first choice to improve circulatory function in critically ill patients. 1, 2 However, in many clinical scenarios, crystalloid solutions alone are inadequate for providing sufficient perfusion or achieve sufficient perfusion only with excessive volume loading and associated interstitial fluid volume expansion and increased cardiac filling pressures. Only a small proportion of infused crystalloid remains in the circulation at the end of infusion, [3] [4] [5] and excessive infusion can produce fluid overload, edema, and impaired hemodynamic status. 2 One consequence of poor vascular retention is a limited ability to increase BV resulting in interstitial edema that when excessive may impair gas exchange, compromise pulmonary and cardiac mechanics, cause paralytic ileus, and exacerbate cerebral edema. 2, 6, 7 To avoid or minimize the morbidity of fluid overload and to improve perfusion in patients who do not adequately improve perfusion with fluid infusion alone, inotropic and vasoactive catecholamines are commonly administered with fluid infusion to improve hemodynamic and cardiovascular functions. The clinical objectives for fluid therapy and catecholamine therapy are similar, i.e., increase CO and maintain arterial blood pressure and tissue perfusion without excessive filling pressures or volume overload. 2,8 -10 However, despite the common coadministration of fluids and catecholamines, surprisingly little is known about the interactions between fluid infusions and catecholamine infusions. An ideal combination of fluid infusions and catecholamines would provide sufficient vascular retention to augment CO without excessive increases in cardiac filling pressure or edema. Catecholamines could have multiple effects on the vascular retention of volume expanders. Alterations in arteriolar and venous tone and cardiac contractility have direct effects on venous and capillary pressures and thus alter the microvascular balance of pressures and blood-to-tissue fluid balances. Further, catecholamines alter renal blood flow, glomerular filtration pressure, and urinary output (UO), which alter the retention of infused volume.
In the current study, we measured volume expansion and hemodynamics during and after a 0.9% NaCl bolus in conscious splenectomized normovolemic sheep. In six sheep, we performed four paired experiments evaluat-ing four treatment protocols: 50 g · kg Ϫ1 · min Ϫ1 dopamine, 0.1 g · kg Ϫ1 · min Ϫ1 isoproterenol, 3 g · kg Ϫ1 · min Ϫ1 phenylephrine, and no drug or control protocol.
Our goal was to determine whether and how a catecholamine infusion influenced volume expansion and retention of a 24-ml/kg infusion of 0.9% NaCl infused over 20 min. Dopamine was chosen because it is used to augment hemodynamics in critically ill patients, and a 50-g · kg Ϫ1 · min Ϫ1 dose in sheep has been found to cause predominantly ␤ adrenergic and dopaminergic effects in preliminary experiments. Phenylephrine and isoproterenol were chosen to evaluate the effects of an ␣ agonist and a ␤ agonist, respectively.
Materials and Methods
The protocol and experimental procedures were reviewed and approved by the Animal Care and Use Committee of the University of Texas Medical Branch at Galveston, Texas, with adherence to the Guide for Care and Use of Laboratory Animals. 11
Animals and Surgical Preparation
Six adult female Merino sheep weighing 29 -35 kg (mean, 31.8 Ϯ 2.9 kg) were anesthetized with halothane and surgically prepared with chronic instrumentation in a sterile operating environment. The sheep were orotracheally intubated and mechanically ventilated with 1.5-2.5% halothane anesthesia. Vascular catheters were inserted in the right and left femoral arteries and veins and advanced into the abdominal aorta and the inferior vena cava, respectively. A continuous CO pulmonary arterial catheter (Vigilance System; Baxter Healthcare, Irvine, CA) was introduced through the right common jugular vein and positioned in the pulmonary artery. All catheters were filled with 1,000 U/ml heparin sodium solution and secured to the fleece on the back of the animal. A splenectomy was performed through a left lateral subcostal incision. All catheters were exteriorized, and surgical incisions were sutured closed in two layers. The animals were awakened after surgery and allowed 1 week to recover from surgical procedures. Analgesia consisted of 0.3 mg intramuscular buprenorphine to minimize postsurgical pain. Animals were maintained in large metal cages with free access to food and water. The day after surgery, catheters were connected to pressure transducers (Baxter Pressure Monitoring Kit; Baxter Healthcare) with continuous flushing devices (0.9% saline containing 3.0 U/ml heparin) and connected to a Hewlett-Packard Monitor model 78901 A (Hewlett-Packard, Andover, MA) for continuous hemodynamic monitoring to condition the sheep to the experimental setup. Twenty-four hours before the experiment, the sheep's food and water were removed, and a urinary bladder catheter (14 French; Sherwood Medical, St. Louis, MO) was placed.
Experimental Protocols
Four different experimental protocols were performed randomly in each sheep with a minimum 2-day recovery period between each experiment. Responses to an 0.9% NaCl bolus of 24-ml/kg infused over 20 min were evaluated during a continuous infusion of catecholamine. The four protocols were 50 g · kg Ϫ1 · min Ϫ1 dopamine, 0.1 g · kg Ϫ1 · min Ϫ1 isoproterenol, 3 g · kg Ϫ1 · min Ϫ1 phenylephrine, and control. Performing multiple experiments on the same animal allows the use of more discriminating paired statistical tests. In general, our doses are high and the physiologic responses are large. The focus was on the responses to different adrenergic and dopaminergic catecholamines and did not examine dose-response effects. After a 30-min baseline period to determine the precatecholamine hemodynamics, a continuous catecholamine infusion was started. Thirty minutes after the catecholamine infusion was started, we started a 20-min bolus infusion of 0.9% NaCl. For a time reference, we defined T0 as the start of the 0.9% NaCl infusion, and thus T20 represents 20 min later and the end of the 20-min bolus infusion, and T180 is 180 min after the start of the bolus and the experiment end. The control experiments were performed identically to treatment protocols except for the catecholamine infusion.
Measurements and Data Collection
Hemodynamic data included heart rate, mean arterial blood pressure (MAP), mean pulmonary arterial pressure, central venous pressure, and CO. All were continuously monitored and recorded at specific time points during the baseline period and the catecholamine infusion before the 0.9% NaCl bolus, during the 0.9% NaCl bolus, and for 3 h after the 0.9% NaCl bolus. These variables plus hematocrit, hemoglobin, and UO were recorded three times during the baseline period. After starting the catecholamine infusion but before the 0.9% NaCl bolus, the variables were measured at 5, 15, 20, 28, and 30 min. At this time, the 0.9% NaCl bolus was started (T0), and measurements were taken at T5, T10, T15, T18, and T20. After the 0.9% NaCl bolus ended, variable measurements continued for 180 min. Variables were measured every 2 min during the first 10 min, every 5 min during the next 50 min, and every 15 min during the last 120 min. At each time point, a sample of arterial blood was drawn and analyzed for hemoglobin and hematocrit. Small arterial blood samples were carefully taken in 1-ml syringes previously heparinized using a technique shown to be reliable in collecting arterial blood without dilution. To assure the acquisition of fresh circulating blood without saline dilution from the transducer flush system, sample removal was preceded by a continuous blood withdrawal of 5 ml blood from the catheter. After the sample was taken, the 5 ml blood was returned to the animal.
Total hemoglobin concentration was measured in duplicate using a 482 CO-Oximeter (Instrumentation Laboratory System, Lexington, MA), and the mean value was used in subsequent calculations. From the same sample, blood was centrifuged in capillary tubes for 5 min, and hematocrit was measured in duplicate and the mean value was recorded.
Calculated Variables
Blood volume changes over time were calculated from the estimated baseline BV of 65 ml/kg for normal sheep, and changes in the blood hemoglobin concentration during the experiment at specific times (t) as
where BV t and hemoglobin t are the BV and the hemoglobin concentrations at t, and hemoglobin o is the baseline hemoglobin concentration as previously described. 12 Vascular resistance was calculated using the following formula:
Statistical Analysis
Results are displayed as the mean Ϯ SE of the mean. Results from the statistical tests are shown in the figure legends. Statistical comparisons (paired t tests) were performed to distinguish between all treatment pairs for selected a priori determined time points: the final baseline measurement and the four postbolus time points at 20, 60, 120, and 180 min, after starting the 20-min bolus (T20, T60, T120, and T180). To avoid reporting spurious findings or overinterpretation of the data, we defined a significant group difference as two or more consecutive postinfusion time points being significant at the 0.05 ␣ level. Significant differences between protocols are designated with the symbol Ͼ, while no significant difference between protocols is designated with the Ϸ symbol. Comparative statistics were also performed to determine whether each variable was altered from its preinfusion (T0) level.
Results
All six sheep were in good health for all four paired experiments. No animal demonstrated any adverse reactions during the drug or fluid infusions. Figure 1 shows the measured hemoglobin and BV calculated from the dilution of hemoglobin. The catecholamine infusions did not produce statistically significant effects on either hemoglobin or calculated BV before beginning fluid infusions. All protocols had a maximum hemoglobin dilution and peak BV expansion at the immediate end of the 0.9% NaCl bolus infusion. Thereafter, BV decreased in all protocols, and each stabilized at a different level of BV. Figure 2 shows the change in blood volume from baseline levels and the cumulative urinary output. At peak BV expansion, immediately at the end of the 0.9% NaCl bolus infusion of 24 ml/kg, the BV increase was highest in the isoproterenol protocol (18.5 Ϯ 1.8 ml/kg), followed by the dopamine and control protocols (12.7 Ϯ 0.9 and 13.0 Ϯ 2.7 ml/kg), respectively. The phenylephrine protocol showed the lowest increase (8.9 Ϯ 1.4 ml/kg). At the end of the experiment (T180), the isoproterenol protocol had the highest BV expansion (12.4 Ϯ 0.8 ml/kg). The dopamine protocol exhibited less BV expansion (6.4 Ϯ 1.5 ml/kg), which was only slightly higher than the control protocol increase (4.2 Ϯ 1.0 ml/kg) at T120. However, expansion in the control group decreased further to 2.3 Ϯ 1.0 ml/kg by the end of the experiment at T180, whereas the dopamine protocol had sustained expansion. The phenylephrine protocol had a sustained decrease in BV, with Ϫ2.1 Ϯ 0.9 ml/kg below baseline levels at T180.
Some of the differences in BV expansion between the protocols can be accounted for by different renal responses as seen in the plot of cumulative urinary output for all four protocols in figure 2. Only the dopamine protocol significantly influenced and increased UO to 5-7 ml/kg greater than other groups at T0 just before the 0.9% NaCl bolus. The control protocol exhibited a modest diuresis of 6.2 Ϯ 0.8 ml/kg at the end of the 0.9% NaCl bolus, reaching 11.5 Ϯ 2.7 ml/kg at T40, and by T180, UO was 27.4 Ϯ 1.8 ml/kg. Dopamine and phenylephrine infusions enhanced and sustained the diuresis of the 0.9% NaCl bolus. Cumulative UO in the dopamine protocol was nearly double that of the control protocol at most all time periods after the 0.9% NaCl infusion. The phenylephrine infusion had little effect before the 0.9% NaCl bolus but enhanced diuresis after the bolus, similar to the levels of the dopamine protocol. The isoproterenol infusion virtually eliminated diuresis after the 0.9% NaCl bolus. Figure 3A shows extravascular expansion calculated from the difference between infused volume minus BV expansion and cumulative urinary output. The infused 0.9% NaCl is rapidly transferred to the extravascular space in similar fashion for all protocols during the infusion. Peak extravascular expansion of 7.8 Ϯ 1.5 ml/kg was measured at 10 min after infusion, showing that one third of the infused volume was rapidly transferred to the extravascular space. Thereafter, extravascular expansion was largely maintained in the isoproterenol protocol and decreased slowly in the control protocol, such that extravascular hydration had returned to baseline at T120. Both the dopamine and phenylephrine protocols had rapid decreases in extravascular expansion, with a return to normal hydration around T60, followed by an extravascular contraction in both protocols of Ϸ17 ml/kg at T180 associated with induced diuresis. The 0.9% NaCl bolus caused a similar and significant increase at T20 in all protocols except the Dopa protocol. Thereafter, the decreases below baseline in the Dopa and Phen protocols were significant starting at T120, whereas the increased extravascular expansion in the Iso protocol remained significant, and the Control protocol was the same as baseline. Postinfusion protocol differences in extravascular expansion were Iso > Control > Dopa Ϸ Phen. (B) Calculated volume expansion efficacy (mean ؎ SEM) as measured by milliliters of blood volume expansion from T0 divided by milliliters infused. Immediately after the 0.9% NaCl bolus at T20, there was no difference between protocols, but from T60 on, postinfusion differences were Iso > Control Ϸ Dopa > Phen, and these differences held throughout the entire postinfusion period. Figure 3B shows volume expansion efficiency (VEE). VEE is calculated as the ratio of BV expansion to infused volume. VEE was generally 0.5 or less even during the infusion, suggesting that nearly half of the infused fluid was rapidly transferred to the extravascular space or excreted as urine during the infusion. Only the isoproterenol protocol had a short-lived enhanced VEE with a value greater than 1.0 during the early infusion period, suggesting augmentation of expansion. However, the sustained VEE values for all protocols between T60 and T180 were less than 1.0 or 0.2 to 0.1 for the control protocol, 0.2 for the dopamine protocol, and 0.5 for the isoproterenol protocol. VEE for the phenylephrine protocol became negative as volume expansion became less than baseline at T60.
Although the direct effect of fluid therapy is volume expansion, the desired clinical effect is to augment CO. Figure 4A shows that the dopamine and isoproterenol infusions had similar effects on CO before the 0.9% NaCl bolus, causing increased levels of 70 -90% above baseline or change in CO of 3.8 Ϯ 0.7 and 2.8 Ϯ 0.8 l/min, respectively. Clearly, the ␤ effects of both dopamine and isoproterenol increased CO even before the 0.9% NaCl bolus. However, it is equally clear that the 0.9% NaCl bolus further increased CO approximately 5 l/min in both the dopamine and isoproterenol protocols, which was significantly more than the 1.8 Ϯ 0.4-l/min increase in the control protocol. The phenylephrine infusion abolished CO augmentation because of the 0.9% NaCl bolus.
At the end of the 0.9% NaCl bolus, T20, CO had returned to baseline levels in the control protocol, whereas the phenylephrine protocol exhibited a slightly decreased CO (Ϫ0.8 Ϯ 0.1 l/min), which was sustained until the end of the experiment. The isoproterenol protocol showed a sustained high CO with 6.5 Ϯ 0.8 l/min above baseline, and the dopamine protocol had an intermediate position with 3.8 Ϯ 0.6 l/min above baseline at the end of the experiment. Figure 4B shows the mean right atrial pressures (RAPs) plotted for all protocols. All catecholamine infusions showed only statistically insignificant and variable effects on RAP before the 0.9% NaCl infusion. At T20, the end of the 0.9% NaCl bolus infusion, all protocols exhibited an increase in RAP. The phenylephrine protocol showed the largest RAP increase of ϩ6 mmHg, followed by the control and dopamine protocols with ϩ5 and ϩ4.5 mmHg from baseline, respectively. The isoproterenol protocol showed a small and statistically insignificant effect, with a slight increase or change in RAP of ϩ2 mmHg at T20. At T180, RAP in both the isoproterenol and control protocols had fully returned to baseline levels, whereas the dopamine and phenylephrine protocols at T180 showed a change in RAP of ϩ3.5 and ϩ1 mmHg above baseline, respectively. Figure 5A shows the changes in MAP. In the control protocol, the 0.9% NaCl bolus caused only a transient increase in MAP of 10 -15 mmHg during the bolus, which quickly returned to baseline by T40. The phenylephrine infusion rapidly and dramatically increased MAP by nearly 50 mmHg above baseline before the 0.9% NaCl bolus and over 70 mmHg at the peak expansion of the 0.9% NaCl bolus. The dopamine infusions caused a small increase in MAP before the 0.9% NaCl bolus of Ϸ10 and Ϸ30 mmHg at peak expansion, respectively. The isoproterenol protocol exhibited a slightly decreased MAP before the 0.9% NaCl bolus of Ϸ6 mmHg, but blood pressure returned to baseline at peak expansion. Figure 5B shows the changes from baseline in SVR. The phenylephrine protocol had a doubling of baseline SVR before the bolus; this level was sustained until the experiment ended. Both the isoproterenol and the dopamine protocols displayed a decreased SVR to Ϸ40% of baseline. The 0.9% NaCl bolus had only a slight effect. At T60, in the control protocol, SVR returned to baseline levels, whereas the dopamine and isoproterenol protocols continued to display a decreased SVR of Ϸ50% of baseline. From T60 until T180, SVR in the dopamine protocol approached baseline, whereas the isoproterenol protocol remained reduced at Ϸ50% of baseline. 
Discussion
These data are the first to examine the interaction between catecholamine infusions and volume dynamics of fluid boluses. They demonstrate potentially important effects of ␤ agonists, ␣ agonists, and combined ␤ and dopaminergic agonists on the intravascular retention of infused fluid. These results are potentially important because of the great frequency with which the interventions of fluid therapy and catecholamines are combined in critically ill patients. As a first attempt, to better define the combined effects of inotropic and vasoactive catecholamines and fluid therapy on volume expansion and cardiovascular function, we infused a 24-ml/kg bolus over 20 min in conscious normovolemic sheep receiving set doses of catecholamines. However, there are multiple issues that this study did not address and that must be addressed in subsequent studies. First, inotropic and vasoactive drugs are not used in normovolemic healthy patients, but rather in patients with a variety of circula-tory disorders, such as hypovolemia, sepsis, and cardiac failure. Results would likely be different in such scenarios, but the current study clearly shows that catecholamines not only alter cardiovascular function, but also can alter the effectiveness of fluid infusion to expand vascular volume. Second, we examined only one dose of each catecholamine. This limitation is important not only because ␤ and ␣ effects of catecholamines are dose dependent, but also because the predominant receptors stimulated by dopamine tend to change as the dose increases. Future experiments are needed to define the dose-response effects of each drug on volume expansion.
A common misconception of fluid therapy is that the infusion of a fixed volume of crystalloid initially expands BV by the infused volume and that over time the fluid distributes into the extravascular space, approximately in the ratio of plasma volume to the distribution volume of the infused fluid. The current analysis and calculated VEE show that half or more of the infused 0.9% NaCl in the control protocols leaves the circulation as rapidly as it is infused. Such results are consistent with data from recent studies in human volunteers and patients. 3, 13 In the current study, the control protocol showed that within 20 min after the 0.9% NaCl bolus ended, only approximately 20% of the infused volume remained in the vascular space, whereas 30% of the infused volume was extravascular, and 50% was lost via UO.
The VEE (milliliters of expansion per milliliters infused) of the 0.9% NaCl bolus in the control protocol decreased to the range of 0.2-0.1 by 180 min. In humans and animals, hypovolemia has been shown to augment the VEE of fluid. 4, 5, 14, 15 Such VEE augmentation results from volume-conserving mechanisms secondary to hormonal and neuronal reductions in urinary loss of volume and the compensatory mechanism of transcapillary refill. Catecholamine concentrations are increased in hypovolemia and may play a dominant role in initiating such volume sparing mechanisms. One purpose of the current study was to define how specific catecholamines in the absence of hypovolemia would alter the volume response to a fluid challenge.
Dopamine and Enhanced BV Expansion
Despite some sustaining of the BV expansion with the 0.9% NaCl control protocol, there was a significantly better expansion in the dopamine protocol versus the control protocol at only one time point, T180. Cumulative UO in the control protocol by the end of the study was similar to the total infusion of 24 ml/kg (figure 2). Cumulative UO in the dopamine and phenylephrine protocols were approximately 50% greater than the infused load. Despite the diuresis, the dopamine protocol maintained BV expansion after the 0.9% NaCl bolus. The BV expansion and diuresis were at the expense of significant extravascular contraction. One mechanism for the sustained and enhanced BV expansion effect of dopamine could be alterations at the microvascular level that reduce capillary pressure, thereby decreasing capillary filtration. However, reduced capillary pressure is difficult to reconcile with the overall reduction in SVR in the dopamine protocol. Reduced arteriolar tone allows an increased transfer of arterial pressure downstream to the capillaries. Also, arterial pressure was significantly higher in the dopamine protocol from T120 through T180 because CO was increased more than SVR was reduced. Further, RAP was similar or greater in the dopamine protocol compared with the control protocol at this time period. All data suggest higher capillary pressures and an expected increased capillary filtration in the dopamine-treated sheep.
One alternate mechanism could be enhanced lymphatic pumping, in that dopamine has been shown to stimulate bovine and canine lymphatics and to enhance pumping. 16 Further, increased lymphatic pumping is believed to play a significant role in the interstitial autotransfusion of fluid and protein that occurs after hypovolemia. 17 
Isoproterenol and Enhanced Volume Expansion
Although the dopamine protocol resulted in a modestly better sustained BV expansion versus the control protocol, the isoproterenol protocol had a threefold to fourfold greater BV expansion than the control protocol from T60 through T180. This response seems to be largely the result of the antidiuresis induced by isoproterenol. Isoproterenol induces increases in plasma renin and antidiuresis. 18 The antidiuresis effect on isoproterenol has been described in both sheep and dogs. 18, 19 The antidiuresis also resulted in a sustained extravascular expansion, compared with an extravascular contraction present with the other two treatment protocols, and a return to nearly normal extravascular hydration after 0.9% NaCl alone. We cannot exclude a direct effect of vasodilation, based on a study in human volunteers in which subarachnoid block slowed the loss of plasma volume after a crystalloid bolus. 20 
Phenylephrine Rapidly Eliminated Any Sustained Volume Expansion of 0.9% NaCl Bolus
Although the initial BV expansion during the 0.9% NaCl bolus in the phenylephrine protocol was similar to the control protocol, immediately after the infusion, BV rapidly decreased to a level less than baseline. The phenylephrine protocol had a significantly greater diuresis than the control protocol, but one that did not start until the 0.9% NaCl bolus was initiated. Phenylephrine infusions also enhanced diuresis and natriuresis in volunteers when used in a dose to increase diastolic pressure by 25 mmHg. 21 In the current study, it is likely that phenylephrine induced a pressure diuresis. Data suggest that in normal subjects, phenylephrine infusion should exert its effects through the increased release of the atrial natriuretic factor. 21 
Mechanism for Catecholamine Modulation of Volume Expansion
A simplified summary of our findings is that vasodilatation augments or sustains volume expansion and that vasoconstriction impairs volume expansion after a 0.9% NaCl bolus. An initial analysis suggests that these are paradoxical findings.
Vasodilatation would be expected to reduce the arteriolar tone and allow transfer of a larger component of the arterial pressure downstream to the capillary level. SVR was reduced by nearly 50% before the 0.9% NaCl bolus in the dopamine and isoproterenol protocols and by 70 -80% in the isoproterenol protocol compared with the control protocol. The large decrease in SVR and presumably arteriolar tone would logically increase capillary pressure and cause an increased capillary filtration and an increase in loss of vascular volume. Perhaps there is a greater decrease in venous resistance to offset the likely increase in capillary pressure. The blunted response of RAP in the isoproterenol group during bolus infusion is consistent with reduced capillary pressure.
The paradoxical effects of dopamine and isoproterenol on volume expansion could possibly be accounted for by other explanations. It has been suggested that vasodilator catecholamines could augment lymphatic pumping and return interstitial fluid back to the circulation in excess of capillary filtration. Another possibility is that the decrease in SVR results more from an increase in the total number of open capillaries and an increased microvascular surface area than it does from vasodilatation of a fixed number of arterioles. If a fixed number of arterioles dilate, greater pressure is reflected downstream, but if the vasodilatation reflects the opening of several parallel new arterioles, the downstream pressure is dispersed over a greater surface area and capillary pressure could decrease. The increased CO of the dopamine and isoproterenol protocols may not be associated with the increased flow through individual capillaries of the microcirculation but rather an increased number of capillary surface areas. Likewise, the vasoconstriction of the phenylephrine protocol could reduce the microvascular surface area more than the increasing resistance. Vasoconstriction of a fixed number of arterioles would increase arterial pressure but reduce downstream microvascular pressure, unless a greater number of capillaries were actually closed down.
One possible explanation for our findings is that ␤-agonist stimulation reduces the hydraulic conductivity of the microvascular barrier. Adamson et al. 22 showed that hydraulic conductivity of the endothelial barrier of intact individual capillaries was reduced 73% by isoproterenol. This group provided strong evidence that this effect was modulated by increased cyclic adenosine monophosphate because similar responses were demonstrated with direct cyclic adenosine monophosphate stimulation with forskolin or with phosphodiesterase inhibitors. ␤ Agonists have been shown to block the inflammatory increases in capillary permeability. 22, 23 Data from Adamson et al. and the current data suggest that hydraulic conductivity may be physiologically regulated.
Study Limitations
The current results must be extrapolated to human studies with caution because sheep and ewes differ from men and women. Sheep seem to have all of the major receptors and innervations of the autonomic nervous system of humans. We found that the cardiovascular response to human doses of catecholamines were similar in kind but of an altered magnitude. We chose high doses of catecholamine infusion that caused larger changes in hemodynamics than clinically desired. How results would vary in magnitude and kind at lower doses is unknown.
Clinical Implications
The primary goal of infusing a volume expander is to expand the plasma volume with the clinically relevant events of sequentially augmenting venous return, CO, adequate tissue perfusion, and oxygen delivery. Ideally, this goal is accomplished without causing or exasperating cardiac ischemia or causing excessive extravascular fluid retention, pulmonary edema, or any of the complications associated with fluid overload. The common approaches to limiting fluid accumulation are the use of hyperosmotic crystalloids, colloid solutions, inotropic support, and diuretics. Dopamine is known to augment CO, renal blood flow, and glomerular filtration rate and to induce diuresis. Our research suggests that dopamine in addition augments volume expansion, reduces interstitial accumulation of fluid, and could reduce the need for further volume therapy.
Bolus infusions of fluid and the specific catecholamines used in the current study have been studied extensively in animals, and their clinical effects on hemodynamics are well described and used for a variety of clinical needs. 10 Despite this extensive background and experience, little has been reported about how catecholamines alter the volume expansion effects of fluid therapy. Fluid infusion is typically the first intervention to improve hemodynamics in critically ill patients, whereas catecholamines are often used when fluid therapy does not provide the desired sustained improvement in hemodynamics. Our data show that ␤ and dopaminergic agonists not only have direct cardiac and vascular effects, but also enhance volume expansion, suggesting that specific pharmacologic agents might be developed for administration before fluid therapy to enhance volume expansion. In the current study, not only is volume expansion augmented by dopamine and isoproterenol, but also there is an increase in CO augmentation of a 0.9% NaCl bolus. The augmentation was fourfold higher compared with the 0.9% NaCl bolus alone. The clinical message is that dopaminergic-and ␤-agonist stimulation can increase volume expansion and lower volume needs, whereas infusion of ␣ agonists may necessitate increased volume support. However, dopamine may also result in a loss of interstitial volume.
Whether catecholamines can influence volume expansion independently of their cardiac effects or their vasopressor/dilator affects remains to be determined. Another approach to modulating volume expansion might be to consider altering renal function. The strategy of using an antidiuretic (nasal vasopressin) to enhance temporary volume expansion has been suggested as a means to sustain and enhance volume loading after oral hydration, as a pretreatment to prevent orthostatic hypotension of astronauts returning to gravity after space flight. 24 The current data suggest that pretreatment with dopamine, isoproterenol, another vasodilator, or a cardiac inotrope might be considered before fluid infusion as opposed to after it. An obvious downside of early use of catecholamine therapy is that increased cardiac work may overstress an already compromised myocardium. Because MAP and CO increase with dopamine, cardiac work (MAP ϫ CO) can be calculated as fivefold higher at peak levels after dopamine and twofold higher with isoproterenol. However, smaller doses of isoproterenol or another ␤ agonist may be an efficient means to augment both volume expansion and cardiovascular function.
In summary, vasodilators (isoproterenol, dopamine) augmented BV expansion after a 0.9% NaCl bolus, whereas a vasoconstrictor (phenylephrine) decreased volume retention. Multiple mechanisms for augmented volume expansion of dopamine and isoproterenol are possible, but the most likely are reduced capillary pressure secondary to increased microvascular surface area or augmented lymphatic pumping. It may be possible to optimize cardiac and volume effects with selective ␤ agonists. Optimization of hemodynamics and vascular volume in critically ill patients may require considerations of interactions between pharmacologic and volume therapy.
